In the United States, more than two million individuals become infected by antibiotic-resistant bacteria, resulting in over 23,000 deaths annually. Bacterial biofilms, one of the major causes of this resistance, form a complex extracellular matrix that physically block antibiotic treatment.
Introduction
Antibiotic resistance is a global pandemic. One cause of this resistance is the formation of biofilms. Biofilms, a collection of bacterial cells embedded in an extracellular matrix, adhere to surfaces. The biofilm matrix act as a physical means of antibiotic tolerance in that antibiotics are unable to penetrate beyond the surface layer of cells (Kumar et al., 2017) . Biofilms cause antibiotics, and other medicinal treatment, to be practically ineffective (Costerton et al., 1999) .
Biofilms, once formed, cause the bacterial cells to become encapsulated, which leads to the difficulty in treatment. One of the largest causes of nosocomial infections is Pseudomonas aeruginosa, a common but facultative harmful bacteria that can cause multiple organ system failure and mortality once it has formed a biofilm (Rasamiravaka et al., 2015) . P. aeruginosa (Hoyle et al., 1992) produced biofilms considered to be impenetrable by antibiotics (Anderl et al., 2000) . The issue of biofilm formation and, subsequently, antibiotic resistance, presents a problem. Methods to break apart, change the structure of, and damage the biofilms are currently being researched. The issue is no longer what antibiotic can best affect bacteria, but rather what can most effectively get inside the biofilm and can prevent biofilm formation in the first place.
This study examined two proteins that play a key role in the development of biofilms.
One of these proteins is MreB, acting as an elongation factor within gram-negative bacteria (Bonez et al., 2017) . When MreB is present, bacterial cells are shown to have a rod-like, or bacillus, structure. In the absence of this protein, cells are shown to change to more circular shape (Bonez et al., 2017) . This shape-change, from a bacillus shape to that of a coccoid one, is caused by a depolymerization of MreB-a structural protein that would otherwise support the elongated shape of the cells (Bonez et al., 2017) . The second protein is ftsZ, which may also affect biofilm formation. FtsZ plays a significant role in the process of cell division. The protein first acts when the septum of division is forming. As the cell elongates, the protein spreads in a ring, commonly known as the "Z-ring", around the middle of the cell (Margolin, 2005) . After the ring has formed, multiple other proteins are recruited to help assist with the final steps of cellular division, ending with cytokinesis (Margolin, 2005) .
One strategy to counter biofilm growth is the inhibition of theses morphologydetermining proteins. A22 Hydrochloride is a compound found to have an inhibitory effect on MreB (Bonez et al., 2017) . When A22 is applied, cells are shown to undergo the previously described morphological change, from bacillus to coccoid (Bonez et al., 2017) . The shape change may allow for biofilms to become more porous and more susceptible to treatment. PC190723, a benzoic acid derivative, is also shown to have an inhibitory effect (Andreu et al., 2010) . Acting on ftsZ, PC190723 effectively inhibits the protein and causes for the division cycle to be altered (Brown et al., 2008) . The inhibitor works to denature ftsZ from a multi-stranded protein to a single-stranded one, weakening and disrupting cell division (Andreu et al., 2010) .
Manipulating biofilm formation and structure have great potential for addressing the antibiotic tolerance features of biofilms and can be done through the uses of inhibitory compounds such as A22 and PC190723, which affect cell shape and cell division, respectively. This study investigated the use of the two inhibitory compounds, A22 and PC190723. The two compounds' inhibitory effect were measured, alone and in combination. The effectiveness was compared to the effectiveness of an antibiotic, as well as the increased susceptibility of cells affected by them. Microscopy was done to examine the morphological effects of the proteins.
Methods

Biofilm Growth
A bacterial culture of Escherichia coli was grown overnight within 100 mL of Luria Broth in a 250 mL flask. The culture was incubated in a shaking water bath set at 37° C. The following day, the culture was diluted with M9 minimal salts to a 1:100 ratio. The M9 was supplemented with 2% glucose and 1 mM MgSO4. 10µL of the culture was added to 1 mL of the M9 within each well of a 24-well plate. Prior to aliquoting the culture sample from the flask, the flask was vortex as to not allow for settling of bacteria. The 24-well plates grew at 37° C for 72 hours to establish the biofilm.
Concentration Experiment
The first Concentration experiment was used to evaluate the minimum inhibitory concentration (MIC) of the two chemicals on biofilm formation. A control (zero), low, medium, and high dosage of inhibitory chemical was added to the respective wells. Treatments were applied prior to the 72-hour incubation period. Within the plates, each column of six wells was treated with a concentration. The sample size per treatment was 6. The experimental unit was a well. The experimental design of the concentration experiment is shown in Figure 1 . The treatment concentrations of the two chemicals are shown in Table 1 .
Combination Experiment
The MIC determined from the previous experiment determined the treatments of the Combination experiment. The Combination experiment was designed to determine whether there were additive or synergistic effects of the two chemicals. The four treatments, a control (zero), A22, PC, and A22+PC, compared the effect of the combination of the two inhibitors to the effect of the two, individually. The treatments were applied prior to the 72-hour incubation period. The sample size per treatment was 18. The experimental unit was a well. The experimental design of the second experiment is shown in Figure 2 .
Antibiotic Experiment
The third and final experiment was the Antibiotic experiment. The Antibiotic experiment built off the previous two experiments. The treatments included a control (zero), a protein inhibitor (A22), Amoxicillin, and a combination of Amoxicillin and inhibitor. The concentration of the protein inhibitor was the MIC determined from the Concentration experiment. The dosage of Amoxicillin was 2 µg/mL, the accepted MIC of Amoxicillin against E. coli (IDEXX Reference Laboratories, 2013). The A22 was applied prior to the 72-hour incubation period. The Amoxicillin was applied at time 48-hours after incubation. The sample size per treatment was 18.
The experimental unit was a well. The experimental design of the third experiment is shown in Figure 3 .
Crystal Violet Assay
A crystal violet assay was used to quantify the biofilm growth. Following the 72-hour period of the experiments, the assay called for the well plates to be washed out in lukewarm water to rid the wells of any planktonic bacteria. After approximately 15 minutes of the well-plates air drying, 1 mL of crystal violet (CV) was added to each well. The CV remained in the plates for 15 minutes before it was similarly washed off in lukewarm water. Figure 4 is an image of a biofilm within the well-plate post-staining stage. The CV was solubilized by adding 3 mL of ethanol to each well. Another 15 minutes was given for the stain to detach from the plate.
Spectrophotometry was done of the solutions within each plate, quantifying the biofilms within each well through the measure of absorbance. This was done using a Thermo-Scientific Spectronic 200 spectrophotometer set to a wavelength of 560 nanometers. This assay was adapted from that of Agile Sciences, Inc (D. Zeng, 2018) .
Microscopy
Microscopy was also done to examine the morphological effects of the A22 and PC190723 compounds. The drugs were applied similarly over the 72 hours period, yet a trypan blue assay was used instead of the CV. An aliquot of about 3 mL from the well plate of normal, A22-treated, and PC190723-treated E. coli cells were heat fixed onto separate microscope slides, stained with trypan blue, and viewed under a microscope at 400x. Excess stain was washed off with deionized water, as to not obscure the view. This test was to determine whether the inhibitors affected cell shape.
Data Analysis
Data were analyzed in JMP 10 with all figured created in Excel. An Analysis of Variance (ANOVA) test was done as well as a Tukey's mean separation test.
Results
Concentration Experiment
Of the A22, it was determined that that was a significant difference between the Control and Medium treatment (ANOVA, df=3, p=.0188). See Table 2 . Significant difference was detected between the control and the high treatments, yet no significance was seen between the medium and high treatments (Tukeys). The results of the A22 treatment is shown in figure 5 . The MIC of A22 was determined to be the medium dosage (200 µg/mL).
Within the PC190723 treatment, it was determined that there was no dose response. All four of the dosages were statistically indistinguishable, including the negative control. The low concentration was used as the MIC moving forward in order to differ from the control. The data from this experiment are shown in Figure 6 .
See Table 2 and Figure 7 for complete results.
Combination Experiment
As expected from the initial experiment, the PC190723 treatment continued to have no effect. Individually, the PC treatment was not statistically different from the control treatment.
Additionally, the A22 treatment was not statistically different from the combination treatment.
See Figure 8 and Table 3 .
Antibiotic Experiment
After testing the antibiotic susceptibility of A22-treated E. coli, it was found that A22 does not increase nor decrease the antibiotic susceptibility. The effect of A22 treatment was indistinguishable from the Amoxicillin treatment. Similarly, a combination of the two treatments was not significantly different from either treatment, individually. All three treatments differed from the control. See Figure 9 and Table 4 .
Microscopy
From qualitative analysis of pictures taken, it was shown that A22 did, in fact, change cells transform cells from a rod-like structure to a more circular one. Cells treated with PC190723 showed no detectable changed under a light microscope. See Figures 10A and 10B .
Discussion
The results of this experiment confirmed that A22 was significantly better than the control in its ability to inhibit biofilm formation. There was no significant effect of PC190723 relative to the control and no dose response to PC190723. When analyzing the modes of action of these two protein inhibitors, it is rational for A22 to be more effective. A22 inhibits MreB within the bacteria which directly controls for the rod shape of cells, similar to the role of the protein actin in eukaryotes. When MreB is no longer active, cells became circular which indirectly affected the establishment of the biofilms on the surface. This conclusion cannot be made without examining the role of PC190723. Within the cell, ftsZ acts to regulate the plane of cell division, similarly to the protein tubulin in eukaryotic cells. FtsZ certainly does play a role in colony development , as it initially localizes the site of bacterial cell division (Margolin, 2005) , but this role may not significantly affect the biofilm density. The inhibition of ftsZ by PC190723 could potentially disrupt the cell division process, but due to the complexity of this process, it cannot be the only protein responsible for regulation. Other important proteins involved in this process may be able to compensate for the inhibition of PC190723 and simply continue with the process as normal (Rhind & Russell, 2012) . Because there was no significant reduction in biofilm density when using PC190723, greater concentrations of the chemical could be tested to see if this lack of response may simply be due to weak concentrations of treatment.
When examining the mid-level dosage of A22, which significantly decreased biofilm density, it is plausible for further studies to be done to find the exact MIC. What is determined from this experiment is that the MIC lay somewhere between the low dosage (100 µg/mL) and the medium dosage (200 µg/mL).
The microscopy experiment confirmed that A22 was having the expected effect on the cell shape. As it should, the chemical was properly binding to the MreB binding site and not allowing cells to polymerize the naturally occurring MreB. This molecular change is what shifts the cells from a bacillus shape to a coccoid one.
The second experiment holds a predicable result based on the result of the first experiment. It is reasonable to think that there would be no synergistic effect of the two chemicals when one of them, PC190723, has no effects on its own. The results from this experiment further confirm that PC190723 did nothing to affect biofilms (at least in the concentration used). The treatment had no observable effect when applied individually and continued this trend when applied in combination with A22. This result was expected after examining the data from the first experiment, yet it was contrary to the original hypothesis which proposed that the effect on biofilms would be the least in the PC190723 treatment, at a middle level in the A22 treatment, and the greatest in the combination experiment.
This combination experiment was repeated twice due to the question of the A22 treatment masking any additive effect of PC190723 that may emerge. When the same results were obtained during the second trial, the results of the first trial were accepted. When the treatments are combined, the cells, in theory, transform into a circular shape and have a disrupted process of division. Specifically, the plane of division will be altered and shifted to a different plane. If the cells are truly spherical, then a disrupted plane of division will not have an effect as all division lines will equally splice the cell. This may be one reason why no synergistic effect emerged within the Combination experiment. A further study down this line of experimentation would be to use a stronger dosage of PC190723 that has been pre-determined to have an effect.
The final experiment in the sequence of this study is the antibiotic experiment. This experiment allowed insight into the true question of the study; can biofilms be inhibited well enough to allow for antibiotic susceptibility to increase? The data for this experiment led to the conclusion that A22 did not have an effect on antibiotic susceptibility. While the three treatments differed significantly from the control, the treatments were indistinguishable from each other.
These results may in part be due to a general lack of growth in the E. coli culture, with the control Absorbance being noticeably lower than previous experiments. Additionally, a lower dosage of Amoxicillin could be tested in future experiments as 2 µg/mL may have simply killed all biofilms rather than inhibiting their initial formation. A lower dosage of antibiotics would allow for less general damage done by broad-spectrum antibiotics while also allowing for a potential effect on biofilm degradation. Although, despite the hypothesis being disproved, the experiment does allow insight on an inhibitory compound which is as equally effective as a widely used antibiotic.
With these conclusions in mind, a potential mechanism of biofilm attachment can be proposed. When biofilms form, they form in layered, dense mats. This layering is easily done by cells of the proper shape, such as the rod-like shape of E. coli biofilm cells. The layered cells can 1) easily attach to each other and 2) easily attach to the site of infections, providing a strong base of strength and attachment throughout the film. Though, when a morphological change is induced, such as the one caused by A22, cells may no longer inter-attach and attach to the site of infection in the way they naturally do. While, this does not influence antibiotic susceptibility, as shown in the Antibiotic experiment, it may influence other factors within the treatment of bacterial infections. Future investigations looking into this mechanism of strength and attachment could provide conclusive results in the deterioration of biofilms and their weaknesses. 
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